The rational design of inhibitors of human renin for the treatment of hypertension depends on a detailed knowledge of the renin-angiotensinogen transition-state complex. Direct determination of the three-dimensional structure of complexes of human renin with transition state analogues is not possible until large quantities of human renin are made available by recombinant DNA techniques. Nevertheless, the sequence of the cDNA (Imai et al., 1983; Soubrier et al., 1983; Hardmann et al., 1984) and genomic DNA shows that human renin is closely homologous to other aspartic proteinases of both microbial and mammalian origins. Thus it has been possible to use the known sequences of more than ten aspartic proteinases (Tang, 1977; Kostka, 1985) and the three-dimensional structures of endothiapepsin , penicillopepsin (James & Sielecki, 1983) , rhizopuspepsin (Bott et al., 1982) and porcine pepsin (Andreeva et al., 1984) as a guide to regions conserved in the primary, secondary and tertiary structures. These regions have been conserved in an interactive computer graphics modelling of mouse and human renins on the basis of the structure of endothiapepsin (Blundell et al., 1983; Sibanda el al., 1984) . Fortunately, endothiapepsin has very low K , for substrates of human renin and this is reflected in its high affinity for inhibitors with the angiotensinogen sequence but with a modified scissile bond (e.g. -CH2NH=R) (Szelke et al., 1982; Hallett et al., 1985) . Several of these have been co-crystallized with endothiapepsin and the structure of the complex between endothiapepsin and H-142 (I) has been defined by X-ray analysis (Hallett et al., 1985) .
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The structure analysis was originally examined at 3 . 0 8 (la = 0.1 nm) resolution and the conformation defined at this stage was transferred to the model of human renin. Subsequently, the structure of the endothiapepsin-H-142 complex has been refined at 2.38 resolution to an agreement value of approx. 20% and the restrained least squares refinement is continuing.
Although the H-142 conformation fitted the human renin model with few poor contacts, it was decided to improve the model by using molecular mechanical force field energy refinement techniques. Similar techniques have been used by Carlson et al. (1984) . In initial experiments, the model showed a tendency to contract in volume, for specificity pockets to become smaller and for critical solvent molecules in the active site to drift. Therefore, the viability of the technique was investigated by using the endothiapepsin structure both in vacuo and with the water molecules defined by the X-ray analysis in vacuo. The technique was also tested on the structure of the endothiapepsin-H-142 complex defined at 3.08 resolution.
Abbreviation used: r.m.s., root mean square.
This can be compared with the X-ray refined structure at 2.38 resolution when it is completed as a test of the method. Finally, energy-minimization calculations have been performed on the model of human renin. In this paper, the preliminary results of these calculations are described and their value in the modelling process is discussed. The relaxation of the human renin complex with H-142 is also being carried out and the results will be reported elsewhere.
Method
The force field employed in this study is of the standard form, conforming to that developed by Weiner et al. (1984) . It includes discrete energy terms for harmonic distortion of bond lengths and angles from ideal values with Fourier series summation for torsion and improper torsion angles, the latter to preserve chirality or planarity as required. The non-bonded terms are atom-centred and spherically symmetrical, they include the 6-12 LennardJones, monopole-monopole electrostatic and 10-12 hydrogen-bond interaction potentials. Atom-centred, massweighted harmonic restraints are optionally included.
The parameter set of Berendsen et al. (1981) was used in the modelling of protein-solvent non-bonded interaction, the internal co-ordinate distortion force constants for crystal water being taken from the results of Rosenberg et al. (1976) .
To derive atomic partial charges for the reduced peptide chemistry of the H-142 inhibitor complexed with endothiapepsin, the methodology of Singh & Kollman (1984) was employed to fit the atomic charge model numerically to the electrostatic potential for this species calculated by quantum mechanics. Energy minimization was performed on the CRAY-1S at the University of London Computing Centre using a program written in this laboratory.
As the force field requires explicit representation of those hydrogen atoms covalently bonded to potential hydrogen-bond donor atoms, the first stage in the relaxation procedure involves the generation of these atoms in stereochemically feasible positions on the heavy atom framework. In the case of water hydrogens, initial configurations are selected by restrained rigid body relaxation for the solvent within the force field from approximate orientations generated by a rotational grid scan for each solvent molecule.
Energy minimization is performed initially with restraints applied to all non-hydrogen atoms, proceeding asynchronously with update of hydrogen-bond interaction lists and restraint co-ordinates. The restraining force constant is gradually reduced, concomitant with decrease in the level of selection to which restraints are applied, so that by the end of the first stage of relaxation, only a-carbon atoms are restrained. The second stage consists of unrestrained, conjugate gradient energy minimization, typically to a total of 750 function evaluations.
This methodology has been applied to four starting structures, namely native endothiapepsin, its complex with H-142, the human renin model in vacuo and native endothiapepsin with 345 crystallographically defined water molecules in vacuo.
Analysis of the resultant structures is carried out on two levels. Firstly, analysis within the force field gives energy and residual first derivative of energy terms by residue. On a structural level, calculations of root mean square (r.m.s.) atomic deviations from initial conformation, residue solvent accessible area (Richmond, 1984) (and its corollaries of accessible area for hydrogenbonding groups and accessiblity), hydrogen-bonding arrangements and torsion angle changes arc performed in an attempt to delineate the dependence changes occurring during the relaxation procedure.
Results and discussion
Relative to the results of Weiner et al. (1984) , the structures under investigation in this work suffered rather large volume compaction during relaxation. However, volume changes of 6-7% are commonplace in such analyses (e.g. Wodak et al., 1984) . Results in Table 1 show changes in molecular volume calculated using the principal axes of the inertial ellipsoid generated from co-ordinates of all atoms of each structure. This inward compaction is to be expected in what is an approximation to the temperaturelimiting structure. However, the extent of compaction may be enhanced by the absence of a distance cutoff when calculating the non-bonded interaction energies. Similarly, some effect too may have been due to the absence of explicit solvent as inclusion of crystal solvent appears by Fig. 1 to affect the course of relaxation by damping molecular contraction whilst simultaneously preserving the exposure to solvent of potentially hydrogen-bonding groups.
Direct comparison of energy-minimized structures can be misleading even though the same procedure was used for minimization in all cases. Ideally, the residual r.m.s. value for the first derivative vector should be zero for all structures after relaxation; however, the rate of convergence of the iterative process used to attain the energy minimum is such that minimization must be concluded when reasonable (though subjective) criteria are met. Inspection of the values for the total potential energy and the residual r.m.s. first derivative after relaxation suggests that, especially in the case of the human renin model, the relaxation should be continued in an effort to locate a more precise potential energy minimum.
The changes in torsion angles for endothiapepsin and the human renin model are seen in Fig. 2 . It is evident that the force field adequately distinguishes on energetic grounds the available regions of peptide conformational space. The final models show high 0-structural composition, maintained throughout the relaxation, and stronger definition in the helical region, especially in the case of the native endothiapepsin structure.
The results of the analyses of intramolecular hydrogenbonding are summarized in Table 2 . For each of the structures investigated, a marked increase in the total number of hydrogen bonds is noted after relaxation. This trend is exhibited to a lesser extent in relaxations of crystal structures when the explicit hydrogen-bonding term is removed from the force field. However, the magnitudes of the changes are consistent with those found in relaxations of amide crystal structures (Hagler & Lifson, 1974) and, furthermore, the quality of the hydrogen bonds selected from the relaxed structures of this work compare favourably with those from higher resolution X-ray crystal data, e.g. ribonuclease (Borkakoti et al., 1982) , in their mean geometry and also in the similarity of the correlations between their structural parameters. Inclusion of crystal solvent appears from the data to best preserve crystal hydrogen-bonding structure by effectively inhibiting the formation of intramolecular hydrogen bonds during the collapse of solvent-facing hydrophilic side-chains onto the surface of the structure. This is witnessed by a comparison between the resultant structures from relaxations of endothiapepsin in vacua and with crystal solvent in vacuu. On a residue basis, the difference in the number of hydrogenbonding contacts made is found to correlate with the difference in solvent accessible area such that hydrogen-bonding Vol. 13 Table 1 . Statistics for the energy minimization of four starting structures (a) R.m.s. deviations between initial and final conformations for the all-atom, side-chain only and &carbon only cases; (b) change in solvent accessible area for the molecule expressed as a percentage of the initial value; (c) change in the approximate molecular volume expressed as a percentage of the initial value; (d) total molecular potential energy after relaxation; (e) r.m.s. value of vector describing the residual first derivative of the total potential energy after relaxation; (f) the contribution to the total final potential energy from hydrogen-bonding interactions; (g) changes in solvent accessible area expressed by residue hydrophobicity. 
. Difference quantities calculated from the relaxed structures resulting from energy minimization of endothiapepsin with and without inclusion of crystallographically defined water molecules
The difference is expressed on a residue basis as that for the solvated case minus that for the unsolvated. Have the energy-minimization procedures improved the models of endothiapepsin and human renin? Clearly, even the high-resolution X-ray analyses of endothiapepsin included a large number of interatomic interactions that needed to be relaxed. In the absence of solvent interactions, there has been a greater contraction toward the molecular centroid and a decrease in the accessible area for hydrogenbonding groups, indicating that there is a need to simulate the water environment (explicitly or otherwise) for the human renin model if such undesirable changes are to be reduced. This is especially critical in the active site region of the native human renin where contraction of the cleft and specificity pockets will give misleading information with regard to molecular modelling of inhibitors.
The largest deviations in any of the structures were found to occur on the molecular periphery, especially in the case of surface loops. Changes in the conformation of the human renin model compared with the endothiapepsin structure are expected as many of the side chains are modelled approximately. Nevertheless, the reasonable behaviour of the model in refinement is probably contributed to by the care with which the initial model was constructed. Side chains were replaced with conformations close to those of endothiapepsin and other structures which have been defined by X-ray analysis. They were not placed with x,, set at 180 as is the case with some automatic modelling procedures. This is important because most conformers will find a local minimum in the energy minimization procedure. Insertions and deletions were also modelled using information concerning the conformations of 0-hairpins and other loops derived from known X-ray structures (Sibanda & Thornton, 1985) . Large local changes in the conformation of the model need t o be investigated carefully. Whereas they may be indicative of an error in the initial model, the energyminimized structure may not give a correct indication of the true structure. For example, the highly mobile 'flap' region (residues 73-80), which covers the active-site region, is in very poor electron density in the endothiapepsin structure and its conformation could not be modelled with 613th MEETING, CARDIFF certainty although its general position is reasonably well defined. In the energy refinement, this part of the structure contracts and attempts to fold back onto the N-terminal domain, leading not only to a large movement as found in other external loops but also a large conformational change in the main chain. Re-examination of this loop has shown that an alternative local conformation can be modelled which is consistent to that found in other P-hairpin loops including the penicillopepsin 'flap'. The use of this lessstrained conformation will not prevent the contraction of the loop but hopefully will prevent the large conformational change.
However, in general, the energy minimization does not lead itself to new insights into the structure and usually finds a local minimum of reasonable energy. As observed by Novotnf et al. (1984) , it is not a discrimination of the overall correctness ot the model but, given a good starting conformation, it will optimize the local interactions. In this study a comparison of the refined structures of endothiapepsin and its complex with H-142 will be of particular interest as the energy-minimization procedure should be able to identify local changes in conformation in the native structure due to the presence of the H-142 inhibitor. Only small changes have been indicated between the conformations of endothiapepsin and its complex with H-142 by using energy minimization and this is consistent with changes defined by the high-resolution X-ray studies. The detail of these changes will be reported elsewhere. At present, it appears that the conformational changes even in the active site aspartic acid residues and the 'flap' region are smaller than might have been expected and much less extensive than those reported in the X-ray analysis of inhibitor complexes involving penicillopepsin (James et al., 1982) ; this result appears to have been mainly a consequence of the intermolecular hydrogen bonding of the 'flap' in the crystals of penicillopepsin.
